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Sindbis is an Alphavirus capable of infecting and replicating in both vertebrate and invertebrate hosts. Mature Sindbis virus particles
consist of an inner capsid surrounded by a host-derived lipid bilayer, which in turn is surrounded by a protein shell consisting of the E1
and E2 glycoproteins. While a homolog of the E1 glycoprotein has been structurally characterized, the amount of structural data on the E2
glycoprotein is considerably less. In this study, the organization of the E2 glycoprotein was probed by surface biotinylation of intact
virions. The virus remained fully infectious, demonstrating that the biotinylation did not alter the topology of the proteins involved in
infection. Seven sites of modification were identified in the E2 glycoprotein (K70, K76, K97, K131, K149, K202, and K235), while one
site of modification in the E1 glycoprotein (K16) was identified, confirming that the E1 protein is almost completely buried in the virus
structure.
© 2005 Elsevier Inc. All rights reserved.Keywords: Sindbis; Mass spectrometry; Surface labeling; Alphavirus; GlycoproteinIntroduction
Sindbis is an arthropod-borne old world Alphavirus capable
of infecting an array of dissimilar organisms. This relatively
small virus (approximately 70 nM in diameter) is vectored
primarily by mosquitoes and has a lifecycle that includes both
vertebrate and invertebrate hosts (Brown and Condreay, 1986).
A mature virion is comprised of 240 copies of three structural
proteins E1, E2 and capsid in a 1:1:1 stoichiometric
arrangement (Paredes et al., 1993). These proteins form two
distinctive T = 4 icosahedral shells which sandwich a host-
derived lipid bilayer. These distinctive shells interact with each
other through protein–protein interactions and help the virus
maintain its icosahedral shape as well as provide stability
(Paredes et al., 1993). The 49S RNA genome of the virus is
enclosed within its inner capsid shell, formed solely by copies
of the capsid protein, and encodes four nonstructural proteins⁎ Corresponding author. Fax: +1 919 541 0220.
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Strauss, 1994). The Sindbis virus envelope is comprised of a
host-derived lipid membrane bilayer and two type-one integral
membrane glycoproteins E1 and E2. The E1 and E2
glycoproteins form trimers of heterodimers in the endoplasmic
reticulum of the host cell prior to being exported to the plasma
membrane (Carleton et al., 1997). In a mature particle, these
trimers of heterodimers are seen as 80 spike complexes
adorning the surface of the virion. Current data suggest that
the centrally positioned protruding spike is predominantly
composed of E2 proteins, while the skirt region, the area which
surrounds the base of the protruding spike, is formed by E1
proteins engaged in E1–E1 protein interactions. These interac-
tions help form the surface of the virus as well as act as a
stabilizing base for the E2 spike (Fig. 1) (Anthony and Brown,
1991; Zhang et al., 2002).
In the Sindbis virus infection cycle, the principal roles of the
E2 and E1 glycoproteins are host receptor recognition and
genome delivery (Paredes et al., 2004; Strauss and Strauss,
1994) with the binding of the 423 amino acid E2 glycoprotein
to the host receptor being the initial step. Several candidate
Fig. 1. Cryo-EM reconstruction of a Sindbis virus particle. The inner most
capsid shell of the virus particle is shown in blue and outer most E1–E2
glycoprotein shell is shown in yellow. The host-derived lipid bilayer is sandwich
between the layers and is shown in red with the 6-, 5-, and 2-fold axes labeled in
the upper right image (image provided by Dr. Angel Parades, Baylor College of
Medicine).
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the definitive receptor responsible for infection (Klimstra et al.,
1998, 2003; Strauss et al., 1994; Wang et al., 1991, 1992). The
ability of Sindbis to infect such a broad and diverse range of
host organisms would seem to suggest that the interaction
between E2 and the undefined receptor(s) might be malleable
or universal. E1 is a transmembrane protein that is 439 amino
acids in length, di-glycosylated and contains an internal
putative fusion peptide (residues 75–91) (Zhang et al., 2002).
This peptide is proposed to be responsible for the fusion of the
viral membrane to the host endosomal membrane during
infection. Other published data, however, suggest a different
role for E1 in the infection cycle. In that model, E1 participates
in the formation of a pore structure at the plasma membrane of
the host through which the RNA genome of the virus is
delivered to the cytoplasm of the host to initiate the replication
process (Paredes et al., 2004). With the help of crystal
structures, E1 has been characterized structurally. However,
there are no crystal structures for E2, and the amount of three-
dimensional structural data on this protein is also lagging in
comparison to the E1 glycoprotein. This lack of data has made
it difficult to fully understand and describe which E2 domains
are critical for maintaining the structural integrity of the virus,
as well as those responsible for virus–host interactions,
penetration, and antibody binding. Because Sindbis serves as
the model system for the Alphavirus genus, a complete
understanding of these aspects of E2 is critical and will play a
major role toward the development of a vaccine for Sindbis
and other similar viruses.
Sindbis virus glycoproteins are dynamic and can undergo
dramatic conformational changes (Anthony and Brown, 1991;
Pletnev et al., 2001). Using a limited proteolysis and amino
acid chemical modification in combination with mass
spectrometry method, our laboratory has previously demon-
strated that at neutral pH, domains containing amino acids
31–84, 134–148, 158–186, 231–260, 299–314, and 324–
337 of the E2 protein were accessible to proteolytic cleavageand chemical modifications (Phinney et al., 2000). In
addition, monoclonal antibody experiments have shown that
E2 amino acids 173 to 220 and 186–212 are major viral
antigenic regions and are found on the surface of the spike
complex at neutral pH. We have also identified conforma-
tional changes in the E1–E2 proteins interactions on the
surface of the virion that may play critical roles in the
infection process (Paredes et al., 2004). Taken together, these
data establish the fact that there are domains of the protein
that are accessible to solvent and other molecules. However,
the data produced from the above methodologies do not
produce amino acid-specific information in the context of
mature infectious virus particles.
In an effort to elucidate information on the tertiary structure
of the Sindbis virus surface, a novel solution-phase approach
was utilized. Lysines located on the surface of the virion were
biotinylated at neutral pH. Previous work with model proteins
has shown that lysines can be modified as a function of solvent
accessibility of the epsilon amine (Glocker et al., 1994; Steiner
et al., 1991; Suckau et al., 1992). The effects of biotinylation on
the infectivity of the virus were measured, and the sites of
biotinylation on the fully infectious virus were then determined
by a combination of affinity chromatography and reverse-phase
chromatography coupled to tandem mass spectrometry (LC-
MS/MS). The resulting data indicate that several lysine residues
from both E1 and E2 were accessible to solvent. By limiting the
extent of biotinylation to maintain wild-type levels of
infectivity, we are able to show that this technique can be
used to probe a biologically active structure and labeled amines
that are predicted or known not to be directly involved in the
virus–host interface or in conformational changes involved in
the infection process. In addition, these data allow for a better
understanding of the orientation of individual lysine residues
within specific epitopes and thus may aid in the generation of
novel more specific antibodies.
Results
Effects of biotinylation on Sindbis virus infectivity
In order to ensure that the biotinylations observed would
reflect a native structure, we performed the labeling experiments
using different concentrations of sulfo-NHS-biotin on aliquots
of gradient purified virus particles. The virus was prepared as
stated below, and aliquots of virus from the same preparation
were utilized to determine the effect of different concentrations
of label on the infectivity of the virus. The concentration of
biotinylation reagent was increased by factors of ten from a
molar ratio of one molecule of sulfo-NHS-biotin to one viral
particle to a maximum of 106 (with one additional concentration
of 5 × 105) molecules of sulfo-NHS-biotin to one virus particle,
along with a control with no label added. Plaque assays were
performed as previously described (Renz and Brown, 1976)
using each aliquot of labeled virus.
The dosage-dependent effect of labeling the virus on its
infectivity is shown in Fig. 2. The plot shows that virus
infectivity is essentially unaffected up to a concentration of
Fig. 3. Transmission electron micrograph of purified Sindbis virus particles. (A)
Unlabeled; (B) after labeling with 104 molar excess sulfo-NHS-biotin; (C) after
labeling with 106 molar excess sulfo-NHS-biotin.
Fig. 2. Log–log plot of the number of plaque-forming units of Sindbis virus per
milliliter. This is shown as a function of the amount of label that was allowed to
react for a period of 1 h at 28 °C.
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Above a concentration of 100,000 molar excess of label, the
infectivity drops precipitously. Overall, the virus remains very
infectious at the highest concentration of sulfo-NHS-biotin
measured, although the infectivity of the virus sample has
dropped by almost three orders of magnitude.
To examine the effect of biotin labeling on the overall
morphology of the virus, transmission electron microscopy was
performed on unlabeled virus, virus labeled with 104 molar
excess sulfo-NHS-biotin (a point at which the virus maintains
wild-type levels of infectivity), and virus labeled with
1,000,000 molar excess sulfo-NHS-biotin (a point at which
virus infectivity is sharply reduced). As depicted in Fig. 3, no
differences in the gross morphology of the virus were detected
at even the highest concentration of label. The observed loss in
infectivity could be attributed to several factors including
increased hydrophobic interactions between the virus and the
reaction vessel. However, since the observed drop in titer was
observed with the three highest consecutive data points and
the micrographs appeared normal, it is more likely that the
observed drop in infectivity is related to an unfavorable excess
labeling of the virus and not sample loss or conformational
changes. For the purposes of this study, we limited all of our
analyses to virus labeled with 104 molar excess sulfo-NHS-
biotin. By limiting our analyses to a molar excess of label
where the virus is known to remain as infectious as wild type,
we were able to ensure that we were probing a biologically
relevant structure.
LC-MS/MS and LC-LC-MS/MS of biotinylated Sindbis virus
In order to identify the sites of biotinylation, Sindbis viral
particles that were labeled with 104 molar excess biotin were
denatured and digested using either trypsin or endoproteinase
GluC (hereafter referred to as GluC). The resulting peptides
were analyzed by two methods. One aliquot was examined by
C18 reverse phase liquid chromatography coupled to a
quadrupole ion trap mass spectrometer run in data-dependent
MS/MS mode, as described below. The other aliquot was runover a gravity flow monomeric avidin column to enrich the
biotinylated peptides, and the eluant was analyzed by C18
reverse phase LC-MS/MS.
The tandem mass spectra were screened using the Spectrum-
Mill software, which was set-up to detect the presence or
absence of biotinylated lysines, in addition to the presence or
absence of oxidized methionine (a major target for many
oxidants), and the presence or absence of pyroglutamate
(necessitated by the software). All tandem mass spectra that
passed the automated screening process were manually verified
for accuracy, as described in the Materials and methods section.
A representative MS/MS spectrum of a biotinylated peptide is
shown in Fig. 4. When vibrational energy is added to a
protonated peptide in the gas phase, the peptide tends to
fragment at the amide bond; these fragments are labeled
according to the nomenclature of Roepstorff and Fohlman
(1984). The presence of a biotin molecule is revealed by a mass
shift of 226 Da in fragments containing the labeled lysine, along
with a lack of a mass shift in fragments not containing the
labeled lysine. By examining the fragmentation pattern of a
biotinylated peptide and comparing it with silico fragmentation
pattern of the unmodified peptide, the site(s) of biotinylation
can be assigned to a specific amine. In Fig. 4, a peptide that
matched the mass of peptide 231–245 of the E2 glycoprotein
plus 226 Da was fragmented. The fragmentation pattern
matched the peptide with the inclusion of a biotin tag at
K235. Spectra such as this allowed us to definitively determine
sites of biotinylation in the E1 and E2 glycoproteins.
In an attempt to improve the number of sites of modification
that we could identify, we attempted to enrich the biotinylated
peptides by affinity chromatography using a monomeric avidin
affinity column. Unfortunately, the peptide yield from this
column was poor, and we were only able to identify one
modified peptide from this column. This peptide contained two
biotinylated lysines on the same peptide, one of which had not
been previously identified by LC-MS/MS. As such, the use of
401.3
438.1
516.4
570.5
613.3
700.4
786.4
814.5
86 6.0
921 .8
961.5
1007.9
1071.5
1247.7
1332.6
1373.0
1419.6
1500.2
1600.8
1744.8
1840.8
400
y3 
y5 
y6 
y7 
y8 
y10 
y11† 
y12†
y13†
b5†
b7†
[M-H2O]2+
b8†
b9†
b10† 
b*11†
b13†
b*14†
231-SDQTK†WVFNSPDLIR-245
y3 y5 y6 y7 y8 y10 y11 y12 y13 
b5 b7 b8 b9 b10 b11 b13 b14 
R
el
at
iv
e 
A
bu
nd
an
ce
 
600 800 1000 1200 1400 1600 1800 2000
m/z
Fig. 4. Representative MS/MS spectrum of a biotinylated peptide from the E2 glycoprotein. Fragments that contain the biotin tag are marked with a dagger. Fragments
that have undergone an internal loss of water are marked with an asterisk. Analysis of the peptide fragmentation pattern demonstrates that the biotinylation occurred on
K235.
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knowledge of the virus structure.
A summary of the identified biotinylation sites is given in Fig.
5. In total, 26% sequence coverage of the E1 glycoprotein and
41% sequence coverage of the E2 glycoprotein were obtained,
which is not atypical of membrane proteins in LC-MS/MS
analyses. In addition to the sites of biotinylation, lysines that
were identified as being unmodified (either by direct observation
inMS/MS or by inference from observation of a tryptic cleavageE-1 structural protein 
E-2 structural protein 
Fig. 5. Sites of biotinylation mapped onto the sequences of the E1 and E2 glycoprotein
were only observed as unmodified (either through direct observation or by inference f
both the labeled and unlabeled state are shown in blue. A summary of all peptides det
or the capsid-interacting region are colored brown.site following a lysine) are highlighted. Sites that were observed
to be biotinylated are known to have an epsilon amine that is at
least partially accessible to the biotinylation reagent. The
accessibility of sites that were determined to be unmodified is
more nebulous. It is possible that these lysines have fully
accessible epsilon amines, and that the biotinylated peptide was
simply undetected by LC-MS/MS. Stable salt bridges, in
addition to lowering the accessibility of the lysine epsilon
amine, also inactivate the lysine for biotinylation, causing a verys. Lysines that were only observed as biotinylated are shown in red. Lysines that
rom enzymatic cleavage sites) are shown in green. Lysines that were observed in
ected is underlined in the sequence. Residues in either the transmembrane region
220 J.S. Sharp et al. / Virology 348 (2006) 216–223low rate of reaction. However, it is more likely that the epsilon
amines of these residues are at least partially protected from the
biotinylation reagent. Data based on the lack of biotinylation at a
site are very useful; however, it is important that these data be
handled carefully and with due skepticism.
Discussion
Sindbis virus has a lifecycle that involves both vertebrates
and invertebrates, with mosquitoes serving as the primary
vector (Brown and Condreay, 1986; Strauss and Strauss, 1994).
The ability to manipulate the positive polarity single-stranded
RNA genome of Sindbis has made it the prototype Alphavirus
utilized in a wide range of virus research fields including
investigations of virus pathogenesis and vaccine development
(Pletnev et al., 2001). The precise T = 4 icosahedral symmetry
of the virus has afforded many detailed structural characteristics
of the virus to be analyzed and quantified. The three-
dimensional structures of the capsid and E1 proteins, both of
which are involved in virion formation, have been modeled
either based on direct X-ray crystallographic data or homology
modeling based on an X-ray crystal structure of a closely related
protein. Previously published data by our laboratory have
shown E1 to be a dynamic protein that undergoes disulfide bond
rearrangements under certain conditions (Carleton et al., 1997).
Analysis of procedures utilized to generate the E1 crystal
structures revealed that the proteins crystallized were exposed to
some of these conditions, thus raising the possibility that the
crystals obtained were of the protein in a non-native low energy
configuration (Carleton et al., 1997). Data presented here reveal
that Lys16 of E1 is exposed in the biologically active Sindbis,
while it is buried in the X-ray crystal structure (Paredes et al.,
2004); similarly, Tyr15 of E1 was previously shown to be
exposed in the virus structure in solution (Phinney et al., 2000),
while in the crystal structure, this residue is buried. Thus, using
the crystal structure of E1 to generate three-dimensional
reconstructions of the virus should be approached with caution,
especially concerning the N-terminal region of E1. There are
two additional structural proteins found in the mature virion that
play a critical role in the in the virus lifecycle (the capsid and E2
proteins), and close attention should be given to both,
particularly E2.
The three-dimensional structure of the E2 protein has not
been accurately described or modeled to date. In an effort to
better understand both the functional and structural aspects of
this protein, we have employed a solution-phase lysine topology
mapping method for the characterization of intact viruses.
Several previous studies have used lysine amine labeling to
examine the tertiary and quaternary structure of proteins and
protein–protein complexes (e.g., D'Ambrosio et al., 2003;
Suckau et al., 1992; Zappacosta et al., 1997). However, this is
the first example to our knowledge of lysine amine modification
being used to analyze the structural traits of an intact, infectious
virus. As such, the structural data gathered from these studies
represent a true insight into the in vivo structure of the Sindbis
virus and provide a powerful tool for future analysis of viral
topology. Additionally, as the labeling technique was shown toprovide structural information without compromising the
infectivity of the virus, the methodology can prove of particular
value to those who wish to study conformational changes of the
virus in order to understand the infection process.
Using this lysine biotinylation methodology, some lysines
were detected in both biotinylated and nonbiotinylated states.
Examination of the spectra over several different runs suggests
that the sites that were detected in both biotinylated and
nonbiotinylated states were on the peptides that were most
readily detected in all runs. These data, combined with the
knowledge that we are not labeling all primary amine sites to
completion, suggest that all detected sites are labeled sub-
stoichiometrically. Given sufficient signal, we believe that we
would detect all labeled sites in both the labeled and unlabeled
version, and that the only detectable difference between the two
would be the rate of labeling. However, the biotinylation of a
strongly basic site such as the amine of a lysine will
dramatically affect the ionization of the peptide in positive ion
mode. In addition, the modification of a charged lysine with a
long-chain group will alter the retention time on a reverse phase
column, causing the modified and unmodified peptide to elute
at different times, in different solvent compositions, and in the
presence of different eluants, all competing for charge in the
electrospray process. The combination of the change in
ionization of the modified peptide, as well as the change in
the matrix from which that peptide is analyzed, makes any
direct examination of the rate of biotinylation impossible.
The data gathered by this method correspond well to
previously published data from mass spectrometry-based
experiments (Phinney and Brown, 2000; Phinney et al.,
2000). As expected, no lysine residues were labeled in the
capsid protein, or in the capsid-interacting and membrane-
spanning regions of E2, nor in the membrane-spanning region
of E1. Similarly, the only E1 residue detected as biotinylated
was Lys16, which was previously suggested by limited
proteolysis studies to be accessible to the surface (Phinney et
al., 2000). However, in the structural fit of an E1 glycoprotein
crystal structure the electron density determined by cryo-
electron microscopy, the active primary amine of Lys16 is
completely buried within the structure, occluded by Thr317 and
Leu318 of E1 (Zhang et al., 2002) with 0.02 Å2 of solvent
accessible surface area, as determined by GETAREA 1.1
(Fraczkiewicz and Braun, 1998). While the data from Lys16
directly refute this model of E1, it should be noted that a minor
alteration of the structure, rotating the side chain of Lys16
towards solvent, would correct this deficiency. This particular
data point demonstrates that the previously presented X-ray
model for the E1 glycoprotein is not absolutely correct (as it
buries Lys16, which is now known to be exposed), but it is
insufficient to determine the more general quality of the model.
We detected Lys202 of the E2 glycoprotein as biotinylated,
which is in an area known to be an antigenic region located at
the periphery of the virion (Paredes et al., 1993; Pletnev et al.,
2001). Although both approaches yielded valuable data, our
method allows for a more detailed and nuanced analysis of
Sindbis structure in comparison to partial proteolytic digestion.
For example, partial protease digestion showed that the region
221J.S. Sharp et al. / Virology 348 (2006) 216–223from 134 to 148 was at the surface of the protein (Phinney et al.,
2000). However, our data from a biotinylated nonstandard
tryptic cleavage product clearly show that Lys148 is not highly
accessible, while Lys149 is highly accessible to the biotinyla-
tion reagent. This facilitates a better understating on the
orientation of individual amino acids on the surface of intact
infectious virus particles. A probable explanation for this
discrepancy lies in the mechanism of partial proteolytic
digestion. The initial cleavage in the proteolytic digestion
experiment was probably at Lys149; however, after release of
the 134–149 peptide, Lys149 could then be rapidly cleaved
from the peptide, resulting in the detected 134–148 peptide and
free lysine, which would not be detected under the conditions
used in the partial proteolysis experiment. As this method
retains the intact, functional nature of the virus during labeling,
we know that our data reflects the biologically relevant
structure. In addition, we also detected two lysines in regions
not previously implicated to be on the surface of the virus (K97
and K131). These lysines were clearly accessible to the label in
our assay. Their exact location in the quaternary structure of the
virion cannot be determined solely by these experiments, but
these data show that the epsilon amines of these lysines are
accessible to the biotinylation reagent and therefore must be on
the surface of the virion.
Finally, further conclusions can be drawn from our data due
to the fact that the labeling process did not alter the infectivity of
the virus. The labeling process eliminated a basic site on the
lysine and added a bulky, flexible aliphatic group with a biotin
moiety at the end. As such, the likelihood of the lysines residues
labeled in this experiment being directly involved in host–virus
interactions necessary for infection or in conformational
changes that are necessary for infection is low. It should be
noted, however, that a mature virus particle contains 240 copies
of E1 and E2, and the accessibility of a given lysine residue will
not be equal in all 240 copies of these structural proteins. Since
we are targeting only the epsilon amine of lysine residues, slight
changes in conformations can make a difference in terms of the
accessibility of a given lysine residue in all 240 copies of E1 and
E2. This nonequivalent aspect of the virus structural proteins is
a limiting factor for this and other methods. However, we can
state with certainty that lysine residues with their epsilon amines
exposed were labeled, and this resulted in the elimination of the
basic site and subsequently would eliminate any potential ionic
interactions between the labeled lysine and an opposite base,
and the large, flexible group added to the lysine would disrupt
any tight hydrophobic interactions. As such, a direct role of
these lysines in any essential step in the infection cycle can be
eliminated.
Materials and methods
Cell culture and virus infectivity assay
Baby hamster kidney cells (BHK-21) were utilized as
previously described (Klimstra et al., 1998; Paredes et al.,
1993, 2004). Briefly, these cells were grown at 37 °C in 5% CO2
and maintained in minimal essential medium containing Earl'ssalts (Invitrogen, Carlsbad CA) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, Carlsbad, CA), 5% tryptose
phosphate broth (Becton Dickinson Microbiology Systems,
MD), and 2 mM glutamine. Titers of all virus stocks produced
were determined by plaque assay on BHK-21 cells as previously
described (Klimstra et al., 1998; Paredes et al., 1993).
Gradient purification and particle/PFU ratio determination of
viruses
Supernatants from infected monolayers were harvested and
centrifuged to equilibrium on 15–35% potassium tartrate step
gradients in phosphate-buffered saline Dulbecco's buffer (PBS-
D, pH 7.4) for the purification of virus particles. Centrifugation
was done using a Beckman SW-28 rotor at 24,000 RPM for 15–
18 h. The tube containing the virus was punctured, and the
purified virus band was collected in a minimum volume. The
virus was then centrifuged over an additional linear 15–35%
potassium tartrate gradient in an SW-40 rotor at 26,000 RPM for
5 h. The purified virus band was then collected in a minimal
volume and dialyzed against PBS-D containing 8% polyethyl-
ene glycol (PEG). Purified virus protein concentrations were
determined using the Micro BCA protein assay reagent kit
(Pierce, Rockford, IL). Titration of the same virus fraction was
performed on BHK-21 cells as described above. The number of
particles in a preparation of wild-type virus was as determined
previously using electron microscopy by the agar filtration
protocol described by Kellenberger and Bitterli (Paredes et al.,
1993, 2004), and the particle count was correlated to the protein
concentration (Paredes et al., 1993, 2004). These calculations
were used to determine the particle/plaque forming unit (pfu)
ratio.
Biotinylation of virus
To determine the effects of labeling the virus with
sulfosuccinimidobiotin on viral infectivity, purified virus
particles were adjusted to final concentration of 85 μg/ml and
kept on ice. Just prior to labeling, stock solution of
sulfosuccinimidobiotin (sulfo-NHS-biotin) solution (Pierce
Biotechnology, Inc., Rockford, IL) was made and adjusted to
a final concentration of 13.7 μg/μl. Serial dilutions of the label
were made in 1× cold PBS-D and used to label the virus at 28 °C
for 1 h with an increasing molar excess of label. The virus is
then incubated at 28 °C for 1 h followed by the addition of 1
mM Tris–HCl pH 7.4 to quench any unreacted label. The
biotin-labeled virus is then titered immediately. A working
molar concentration (10,000× M excess of label to total virus
protein) was established from this assay. For further experi-
ments, this working molar concentration was utilized, and
plaque assays were not repeated.
Transmission electron microscopy and negative staining
BHK-21 cells were infected with wild-type virus were
incubated at 37 °C for 16 to 18 h, after which the cell
monolayers were scraped from the flasks and pelleted by low-
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D and fixed with 3% glutaraldehyde (Ladd Research Industries,
Williston, VT) in 0.1M cacodylic acid buffer (pH7.4) (Ladd
Research Industries). After the cells were washed three times
with 0.1 M cacodylic acid, they were stained with 2% osmium
tetroxide in cacodylic buffer for 1 h. The cells were then washed
as before and embedded in 2% agarose. The agarose containing
the cell sample was then prestained with 1% uranyl acetate
(Polaron Instruments, Inc., Hatfield, PA) overnight at 4 °C. The
samples were washed and carried through ethanol dehydration.
Infiltration was done using SPURR compound (LADD
Research Industries). Blocks were then trimmed on an LKB
NOVA Ultrotome (Leica Microsystems, Inc., Deerfield, IL).
Ultra-thin sections were then obtained and were stained with 5%
uranyl acetate in distilled water for 60 min and in Reynolds lead
citrate (pH 12) (Mallinkrodt Baker Inc., Paris, KY) for 4 min.
The samples were examined at 80 kV in a JEOL JEM 100S
transmission electron microscope (JEOL USA, Inc.). Virus
particles to be viewed by negative staining were prepared by
infection of 75-cm2 flasks as described in Klimstra et al. (1998,
2003). For these samples, virus preparations were purified as
described above on 35% to 15% potassium tartrate linear
gradients. Virus collected from the gradients was directly
attached to carbon-coated grids, washed three times with sterile
H2O, and negatively stained with 1% uranyl acetate.
Enzymatic digestion
Biotinylated Sindbis virus was incubated with 8 M guanidine
HCl (Sigma-Aldrich, St. Louis, MO) and 5 mM TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride, Sigma-Aldrich) at 65
°C for 1 h. The denatured, reduced virus was then diluted 10×
with 10 mM ammonium acetate, pH 6.8 (Mallinckrodt,
Hazelwood, MO). Fifty micrograms of either endoproteinase
GluC (Roche Diagnostics, Indianapolis, IN) or sequencing-
grade modified porcine trypsin (Promega, Madison, WI) was
added to the sample, and the sample was incubated overnight at
room temperature for GluC and at 37 °C for trypsin. Aliquots
were removed from this digest for direct LC-MS/MS analysis,
and the remainder was used for monomeric avidin affinity
chromatography.
Monomeric avidin affinity chromatography
SoftLink Monomeric Avidin resin (Promega, Madison, WI)
was used to pour a 1.5 ml bed volume gravity-flow column
using a Poly-Prep chromatography column vessel (Bio-Rad,
Hercules, CA). Prior to analysis of biotinylated digested virus,
the column was incubated with 4.5 ml of 10 mM biotin in wash
buffer (10 mM ammonium acetate, 5 mM TCEP, pH 6.8) at 4 °C
overnight. The column was then washed with 7.5 ml of wash
buffer at room temperature. The biotin was then eluted with 7.5
ml of elution buffer (10% acetic acid, Caledon Laboratories,
Georgetown, Ontario) and re-equilibrated with wash buffer until
the pH returned to 6.8. This procedure blocked all irreversible
biotin binding sites. The biotinylated peptides were added to the
column and allowed to bind at 4 °C overnight. The column wasthen washed with 7.5 ml of wash buffer at room temperature.
The column was then eluted with 7.5 ml of elution buffer. The
eluant was collected in five 1.5 ml fractions. These fractions
were concentrated in a vacuum centrifuge prior to analysis by
LC-MS/MS.
Quadrupole ion trap LC-MS/MS
All samples for LC-MS/MS analysis were analyzed using an
Agilent Technologies (Palo Alto, CA) LC/MSD Trap XCT mass
spectrometer coupled to an Agilent Technologies 1100 Series
capillary HPLC system. Forty microliters of sample was
injected onto a C18 trapping column (Agilent Technologies)
using an autosampler. The sample was washed over the trapping
column for 10 min with 95% buffer A (water, 0.1% formic
acid), 5% Buffer B (acetonitrile, 0.1% formic acid) at a flow rate
of 10 μl/min. Flow was then reversed over the trapping column,
and sample was eluted onto a 150 mm × 75 μm Zorbax 300SB
capillary analytical C18 column with 3.5-μm particle size
(Agilent Technologies) at a flow rate of 0.3 μl/min. The
analytical column was directly plumbed into a nanoelectrospray
ionization source, which was sampled into the mass spectrom-
eter. A linear gradient of 5% Buffer B to 50% Buffer B was run
over a period of 65 min, followed by a 7-min gradient from 50%
to 65% Buffer B. The column was then washed with a 10-min
gradient from 65% to 95% Buffer B, followed by an 8-min hold
at 95% Buffer B. The column was then re-equilibrated in 5%
Buffer B prior to future analyses.
Quadrupole ion trap mass spectrometry was performed in
UltraScan mode, with data-dependent MS/MS activated. The
software was set to prefer doubly charged ions for MS/MS
analysis to enrich for useful MS/MS spectra. After switching on
an ion and performing one MS/MS scan, this ion was excluded
from future analysis for 1 min, to help prevent redundant
analyses. MS/MS isolation width was set at 10 m/z units, with
fragmentation energy ramped to enrich the fragment ion
spectrum. Under these conditions, the biotin label was found
not to fragment significantly when coupled to a peptide (data
not shown); therefore, there were no fragment ions that could be
screened for a product ion scan.
MS/MS spectra data analysis
LC-MS/MS data were analyzed using the SpectrumMill
software package (Agilent Technologies). Spectra were
extracted using the Data Extractor tool, with no spectra
combining allowed. Spectra were searched against a custom
database consisting of only the Sindbis virus structural proteins,
as well as porcine trypsin and endoproteinase GluC. Spectra
were searched for peptides containing either biotinylated or
unmodified lysines, as well as oxidized or unoxidized
methionine and potential pyroglutamic acid residues using
very liberal settings for an initial screening. No minimum
sequence tag length was required, and a minimum of four
matched peaks were required for acceptance. The precursor
mass tolerance was set to 2.5 Da, with a fragment mass tolerance
of 1.4 Da. Peptides with a score N8 and an SPI N50%were passed
223J.S. Sharp et al. / Virology 348 (2006) 216–223from the initial automated screening process. These peptides that
were initially identified by SpectrumMill were then verified
manually for accuracy. The isotopic distribution of the parent
ion was examined when possible for the correct spacing between
13C isotopes for the assigned charge states. All abundant product
ions from the MS/MS spectra were manually compared with an
in silico fragmentation of the putative peptide. After all major
product ions were identified, additional product ions of lower
abundance were examined for proper isotopic distribution and
correct spacing between 13C isotopes until sufficient fragment
ions were identified to unambiguously assign the peptide
identity and the site(s) of modification (if applicable).
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